The activity of transcription factors is often modulated by signal responsive protein kinases. Rel/NF-kB transcription factors are regulated by IkB inhibitors, the phosphorylation of which causes ubiquitination and degradation, resulting in nuclear translocation of NFkB and activation of target genes. Here we report pulldown and immunoprecipitation experiments showing that a mammalian 66 kDa protein kinase binds murine c-Rel, both in vitro and in vivo. This kinase appears to have at least two binding sites on c-Rel, a proline-directed serine/ threonine substrate speci®city similar to MAP kinases and to speci®cally phosphorylate the C-terminal domain of murine c-Rel at an ERK consensus site. Oncogene (2000) 19, 2224 ± 2232.
Introduction
Dierential regulation of gene expression in response to external signals is the basis of cell growth and dierentiation. Growth factors interacting with cell surface receptors transduce this signal into the cytoplasm, where intracellular signalling systems are activated. An important ®nal destination of such pathways is the activation or inactivation of transcription factors that induce speci®c changes in gene expression.
The oncoprotein c-Rel is a member of the Rel/NFkB family of inducible transcriptional activators, critical regulators of genes that function in in¯amma-tion, cell proliferation and apoptosis (Baichwal and Baeuerle, 1997) . The retroviral homologue, v-rel, induces aggressive lymphoma or leukemia in chickens and transgenic mice while immortalizing and transforming spleen and bone marrow cells in vitro (Lewis et al., 1981; Boehmelt et al., 1995; Carrasco et al., 1996) . The protein family also includes the vertebrate RelA, RelB, p105/NF-kB1, p100/NF-kB2 (Verma et al., 1995; Baldwin, 1996) and Drosophila Dorsal and Dif (Kopp and Ghosh, 1995) . Rearrangement, overexpression or ampli®cation of the human c-rel, rela, nf-kb1 and nfkb2 genes has been associated with leukemia, lymphoma and other lymphoproliferative diseases (Luque and GeÂ linas, 1997).
Inactive NF-kB is present in the cytoplasm associated to IkB inhibitors. Induction by mitogens, cytokines, viruses, double-stranded RNA and UV irradiation, readily activates NF-kB. These treatments lead to phosphorylation, ubiquitination and degradation of IkBs (Rice and Ernst, 1993; Palombella et al., 1994; Chen et al., 1995 Chen et al., , 1996 , followed by the rapid translocation of NF-kB into the nucleus and activation of target genes (Beg et al., 1993; Henkel et al., 1993) .
Rel-family proteins share a conserved 300 amino acid sequence in the N-terminal region (Rel homology domain, RHD) that controls their nuclear localization, dimer formation, and DNA binding to kB elements in the enhancer regions of target genes. The C-terminal portions are instead quite dissimilar and only RelA, cRel and RelB contain a transactivation domain in this region. The transactivation domain of murine c-Rel has been mapped to residues 403 ± 568, a region negatively charged and rich in proline and serine (Bull et al., 1990) .
Proteins binding upstream of the promoters may transactivate by recruiting basal transcription factors, and by interacting with cellular coactivators. These, and possibly other mechanisms, may be regulated by post-translational modi®cations. Several lines of evidence indicate that phosphorylation frequently modulates transcription factor activity in response to external signals (Hunter and Karin, 1992; Karin, 1994) . For instance, phosphorylation of CREB and cJun results in increased transcription (Kwok et al., 1994; Sassone-Corsi, 1995; Boyle et al., 1991; Karin, 1995) .
Phosphorylation also controls NF-kB transcriptional activity (Verma and Stevenson, 1997) . Direct phosphorylation of RelA, at dierent sites, enhances DNA binding (Hayashi et al., 1993; Naumann and Scheidereit, 1994; Bird et al., 1997) and promotes the interaction with CBP/p300, inducing a speci®c increase in transcription (Zhong et al., 1997 (Zhong et al., , 1998 . Furthermore, v-Rel is phosphorylated at a PKA site (Mosialos et al., 1991) and speci®c serine residues in the Cterminal half are essential for the transcriptional, antiapoptotic and transforming activities of the protein (Chen et al., 1999) . Finally, c-Rel is a phosphoprotein (Druker et al., 1994) , containing a PKA recognition motif in the Rel homology domain which may aect its subcellular localization (Mosialos et al., 1991) .
In this report, we demonstrate that a cytosolic 66 kDa (p66) protein kinase associates with the c-Rel subunit of NF-kB, both in vitro and in vivo. The protein has a serine/threonine kinase activity with proline-directed speci®city. Our data indicate that p66 binds both the N-terminal and the C-terminal domain of c-Rel, but speci®cally phosphorylates its C-terminus at an ERK consensus site. We also provide evidence that links phosphorylation of the transactivation domain to its transcriptional activity.
Results
The c-Rel subunit of NF-kB specifically interacts with a p66 kDa cytosolic protein Dierent subregions of the mouse c-Rel gene ( Figure  1a) were fused to the C-terminus of the glutathione Stransferase (GST) gene and the E. coli expression products used as anity reagents bound to glutathione-Sepharose. Aliquots of whole-cell lysate from 35 S methionine-labelled HeLa cells were incubated with 10 mg of the dierent reagents. Bound proteins were solubilized with SDS-loading buer, resolved in a 10% SDS ± PAGE and visualized by autoradiography (Figure 1b) . A cellular protein of about 66 kDa (p66) bound mainly to the matrix containing the whole transactivation domain of c-Rel (GST-RelTD, lane 3), but was also bound by the dimerization domain of cRel (GST-RelDD, lane 1). A third fusion protein, GST-RelTD 404/569 (lane 2), missing the last 19 Cterminal amino acids of c-Rel protein, was less ecient in this interaction. This suggests the possibility that the missing amino acids may be important for the correct conformation of the recombinant protein and/or they may aect accessibility of the p66 protein. No interaction was observed with the negative control GST (lane 4). Other non-speci®c bands were observed, which bound all anity matrices. Interestingly, identical results were obtained from 35 S methioninelabelled lysates of murine F9 cells (not shown).
Next, nuclei and cytoplasm of HeLa cells were separated and the lysates incubated with the dierent fusion proteins (Figure 1c ). In this case p66 was found mainly, but not only, in the cytoplasmic extracts (lane 7). Again, the same results were obtained with F9 cells (not shown). Thus, p66 may be a cytoplasmic protein.
To demonstrate the speci®city of the interaction, we employed a recombinant 6-histidines-tagged Rel transactivation domain (His-RelTD). Labelled cytoplasmic HeLa extracts were incubated with GST-RelTD in the Immunoblotting experiments were performed to test whether p66 was a member of the NF-kB family. Even though the RelA antibodies recognized several bands, we found that the dimerization domain, but not the transactivation domain of c-Rel, was capable of pulling down RelA (Figure 2a ) and NF-kB1 (Figure 2b ) proteins, both in the nuclear and in the cytoplasmic extracts ( Figure 2a , lanes 2 and 5 respectively; Figure  2b , lanes 1 and 4 respectively). Similarly, anti-NF-kB2 antibodies detected the presence of the respective antigens in the GST-RelDD eluates (not shown). However, no endogenous c-Rel was detected with either matrix, even though the antibodies recognized the recombinant GST-Rel forms (not shown). We conclude that p66 is not a member of the NF-kB family.
c-Rel associates with a serine/threonine protein kinase, cRel-TD kinase
We next investigated whether the GST-RelDD and GST-RelTD associated proteins included a protein kinase activity by performing a kinase assay after pull down.
HeLa cytoplasmic extracts were incubated with equal amounts of GST, GST-RelTD or GST-RelDD and the pulled down material assayed for kinase activity in the presence of [g-32 P]ATP, but without exogenous substrates. Phosphorylated bands were seen with GSTRelTD ( Figure 3a , lane 2). The phosphorylated bands co-migrated with the bacterial recombinant GSTRelTD product (not shown), suggesting that the cRel transactivation domain was itself a substrate of this enzymatic activity.
To con®rm this possibility, we added increasing amounts of recombinant His-RelTD to the GSTRelTD pulled down proteins ( Figure 3b ). His-RelTD was speci®cally phosphorylated in a concentrationdependent way (lanes 2 ± 4). In addition, His-RelTD also competed the phosphorylation of endogenous GST-RelTD. Thus the transactivation domain of cRel can be speci®cally phosphorylated by a protein kinase activity that associates with GST-RelTD.
We also assayed for kinase activity the proteins pulled down by GST-RelDD, using His-RelTD as substrate. As shown in Figure 3c , a kinase activity was associated also with GST-RelDD and speci®cally phosphorylated His-RelTD (lane 4). In addition, HisRelTD competed for phosphorylation of GST-RelTD (lane 1). Control GST and the empty glutathioneSepharose resin, did not interact with the kinase (lanes 2 and 3 respectively). Thus, both dimerization and transactivation domains of c-Rel interact with a kinase activity, but only the latter is a substrate for the enzyme.
The phosphorylated amino acid appears to be serine or threonine; upon treatment with 1 M KOH of the in vitro kinase reactions with the endogenous GST-RelTD substrate, the phosphorylated bands disappear ( Figure  3d , lanes 2 and 2a). KOH in fact, hydrolyzes only phosphorylated serine and threonine residues. Thus a serine/threonine kinase associates with c-Rel: from now on we will refer to this activity as cRel-TD kinase.
An ERK1 consensus site in the c-Rel transactivation domain is target of cRel-TD kinase Extracellular Regulated Kinase (ERK1) is a prolinedirected serine/threonine kinase and like other mitogen-activated protein kinases (MAPKs), plays a crucial role in signal transduction (Boulton et al., 1991) . An ERK1 consensus sequence of nine amino acids (TPSMSPTDL from residues 447 to 455, Figure 4a ), is present in the murine c-Rel transactivation domain and not elsewhere in the protein.
Recombinant ERK1 did phosphorylate His-RelTD ( Figure 4b , lane 3), like myelin basic protein (MBP, lane 2), a known substrate of ERK1. Neither the dimerization domain (lane 8) nor the GST-Rel 267/ 403 recombinant protein (lane 9) were phosphorylated by ERK1. However, the dimerization domain was a substrate for the c-AMP-dependent protein kinase A (not shown). We also tested casein kinase 2 (CK2) which has a similar sequence speci®city, but found no phosphorylation of His-RelTD (not shown).
We then constructed several His-RelTD mutants of the ERK consensus site (Figure 4a ). Only the wild-type transactivation domain (lane 3) was phosphorylated by ERK1. Deletions of the whole consensus sequence (lanes 4 and 5), or of the serine-proline dipeptide (lane 6), or conversion of serine 451 into alanine (lane 7), abolished phosphorylation. His-RelTD phosphorylation was concentration-dependent and was inhibited by increasing amounts of unlabelled ATP (data not shown). This establishes the sequence 447 ± 455 of murine c-Rel as an ERK1 target sequence.
We tested the phosphorylation of His-RelTD and its mutants by cRel-TD kinase pulled down by both GSTRelTD and GST-RelDD. As shown in Figure 5a the kinase phosphorylated His-RelTD (lanes 2 and 6), but none of its mutants (lanes 3 ± 5, 7 and 8). We also tested whether cRel-TD kinase could phosphorylate MBP, a known substrate for ERK1. Neither the kinase present in the pull down from GST-RelDD (lane 9), nor from GST-RelTD (not shown) were able to phosphorylate MBP. Furthermore we analysed the presence of tyrosine kinases in the GST-RelTD pull Figure 2 The 66 kDa protein is not a member of the NF-kB family. Immunoblotting experiments were performed on the GST pulled down proteins using (a) antibodies against RelA and (b) against NF-kB1. HeLa extracts were incubated with the GST-Rel fusion proteins, indicated above each lane, and the pulled down mixtures were resolved by electrophoresis in 10% SDS ± polyacrylamide gel. The proteins were transferred onto a PVDF membrane and immunoblotted. The detected proteins are indicated by arrows. Total HeLa extracts were used as control c-Rel serine/threonine kinase C Fognani et al down, but found no activity on enolase, a tyrosine kinase substrate (lane 1).
c-Rel associates with cRel-TD kinase also in vivo
To test whether c-Rel associates with cRel-TD kinase also in vivo, a cytoplasmic extract from HeLa cells was immunoprecipitated with a polyclonal antibody against c-Rel and assayed for kinase activity on wild-type or mutated His-RelTD. Like the pulled down kinase, the anti-c-Rel precipitate phosphorylated His-RelTD (Figure 5b , lane 2), but not its mutants in the ERK1 consensus sequence (lanes 3 ± 5), nor MBP (lane 6). As control we immunoprecipitated HeLa cytoplasmic extracts with irrelevant antibodies, but found no activity on His-RelTD or its mutants (Figure 5c ). Thus cRel-TD kinase immunoprecipitated by anti-c-Rel antibodies or pulled down by GST-RelTD or GST-RelDD has the same substrate speci®city and are likely to be one and the same. Under the conditions employed in this assay, no band corresponding to endogenous c-Rel is observed. This is not surprising in view of the amount of protein substrate required in this kind of assays.
These results indicate that the phosphorylation speci®city of the in vitro and in vivo cRel-TD kinase is the same as that of recombinant ERK1 within the ERK consensus sequence; however, the inability of cRel-TD kinase to phosphorylate MBP indicates that this kinase is not ERK1, but rather possibly a dierent member of the MAPK superfamily.
cRel-TD kinase has a molecular weight of about 66 kDa Biotinylated HeLa cytoplasmic extracts were pulled down with the GST recombinant proteins or immunoprecipitated with anti-c-Rel or control antibodies. Bound polypeptides were separated by SDS ± PAGE and blotted onto a PVDF membrane which was incubated in kinase buer with [g- 2 and 3) , the gel was treated with 1M KOH (lanes 1a, 2a and 3a) , to reduce the signal due to serine and threonine phosphorylation. The phosphorylated band is indicated Oncogene c-Rel serine/threonine kinase C Fognani et al with streptavidin; p66 was present in both GST-RelDD and GST-RelTD eluates (lanes 6 and 7 respectively) and co-migrated with the autophosphorylated band detected by in situ kinase assay. Thus pulled down p66 is, or at least contains, cRel-TD kinase. Immunoblotting experiments with anti-PKC-epsilon or anti-ERK1/ 2 antibodies gave a negative result (not shown), suggesting that they are not cRel-TD kinase.
Phosphorylation at the ERK consensus site is important for c-Rel transactivation activity
To investigate the role of the ERK consensus site on cRel transactivation activity, we prepared Gal4-fused wild-type and mutated c-Rel transactivation domain and tested their activity by co-transfection in COS7 cells with a Gal4-dependent luciferase reporter (pTUAS). As shown in Figure 7 , c-Rel transactivation domain fused to Gal4 DNA binding domain increased transcription as strongly as pABGa14-RelA. Deletion of the whole ERK site (DERK) led to a 60% reduction in luciferase gene expression. A lesser eect, about 25%, was seen when we deleted the serine-proline dipeptide (DSP) or when we changed serine 451 to alanine (Ala). These results indicate that the ERK consensus sequence might be important for c-Rel transcription activity.
Discussion
With few exceptions, a common consequence of oncogenic alterations of c-rel is the inappropriate activation of cellular gene expression (Luque and GeÂ linas, 1997). Therefore it is important to elucidate the mechanisms that control the transcriptional activity of c-Rel. In the case of RelA, phosphorylation by PKA allows a stable interaction with the cellular coactivator CBP, essential for ecient transcriptional activity (Zhong et al., 1997 (Zhong et al., , 1998 . On the other hand while in mammalians, phosphorylation of IkB leads to nuclear translocation of NF-kB, in Drosophila, Dorsal itself is subject to signal-dependent phosphorylation when associated with its inhibitor in the cytoplasm, and this leads to its nuclear import (Drier et al., 1999) . In the case of c-Rel, con¯icting observations indicate that dierent domains are able to interact with TBP and TFIIB (Xu et al., 1993; Kerr et al., 1993) , underlying the importance of regulating transcriptional activity through the association with general transcription factors.
Using two dierent approaches, we have observed a mammalian serine/threonine kinase, cRel-TD kinase, mainly localized in the cytoplasm, that phosphorylates c-Rel transactivation domain. Both its molecular weight (66 kDa) and its substrate speci®city suggest it to be a member of the MAP kinase superfamily. Indeed, the kinase phosphorylates the transactivation domain of c-Rel at an ERK1 consensus site. Deletions of the whole ERK consensus sequence, or of the serineproline dipeptide, or conversion of serine 451 to alanine, abolish the phosphorylation by both cRel-TD kinase and by a recombinant ERK1. We show that recombinant ERK1 phosphorylates the c-Rel transactivation domain; however, cRel-TD kinase may not be ERK1 or ERK2, since it does not phosphorylate MBP, has a dierent molecular weight and does not react with ERK1 or ERK2 antibodies. We also ®nd that cRel-TD kinase has autophosphorylating activity ( Figure 6 ).
How does cRel-TD kinase bind c-Rel? Both dimerization and transactivation pull down a p66 protein that co-migrates with the autophosphorylated kinase. However, only the transactivation domain is a substrate. This dual site of interaction might allow a stable and high anity interaction with c-Rel, allowing its co-precipitation from cytoplasmic extracts. Indeed, in contrast to unspeci®c proteins, p66 remained attached to the recombinant GST-RelTD or GSTRelDD proteins after high stringency washes (Fognani, unpublished data), a property shared by the c-Jun/JNK interaction (Leppa et al., 1998) . A dual site of interaction is not unique; the association between CBP/p300 and RelA occurs through a bivalent interaction, one phosphorylation-independent, one (Schmitz and Baeuerle, 1991) . In the right panel, luciferase activity assayed from extracts of transiently transfected COS7 cells. Cells were transfected with 2 mg of the luciferase reporter construct and 4 mg of the expression constructs. As a control, 4 mg of pGal4-RelA or of Gal4 DNA binding domain alone were used. 0.5 mg of the pCMVb-gal plasmid were co-transfected as an internal standard. Bars represent the mean luciferase activity+s.e.m. of at least four independent experiments in duplicate PKA-phosphorylation-dependent (Zhong et al., 1998) . Importantly, MAP kinases contact their substrates through speci®c docking sites (Jacobs et al., 1999) , and compatible DEF and DEJL docking motifs are present both in the c-Rel DNA binding and transactivation domains.
The ERK consensus sequence between residues 447 ± 455 appears to regulate c-Rel transactivation activity, as shown by transient transfection experiments. In fact, deletion of the entire ERK consensus phosphorylation site reduced Gal4-RelTD transactivation activity by 60%, while weaker eects were obtained with deletions of the serine-proline dipeptide or conversion of serine 451 to alanine. While the stronger eect of the deletion might be due a more general change in c-Rel structure, its (weak) eect on transcription seems established. Possibly, a greater eect would be observed upon cell stimulation, but this requires a further and deeper study. In addition, other phosphorylation sites may exist within the transactivation domain, or the kinase may only modulate c-Rel transactivation activity. Finally, the c-Rel/cRel-TD kinase interaction may serve dierent functions not detected by the assay employed.
cRel-TD kinase has not, as yet, been cloned. However, some of the data presented here at least exclude some candidates. The residue speci®city suggests that it could be a member of the MAP kinase superfamily. Its molecular weight is similar to that of two members of the MAPK family, ERK3 and ERK7 (61 ± 62 kDa). However, ERK3 is a constitutively nuclear protein (Cheng et al., 1996) and cRel-TD kinase does not react with anti-ERK3 antibodies. ERK7 appears to be dierent from other characterized MAP kinases, with a C-terminal domain regulating its function and perhaps interacting with SH3 domaincontaining proteins (Abe et al., 1999) . Finally, we have also excluded other kinase, like PKC-epsilon and PKA. We consider it possible that cRel-TD kinase is an additional, still unknown, member of the MAPK superfamily. Structural characterization of this protein is in progress.
Materials and methods

Plasmid constructs
DNA manipulation were carried out by standard techniques (Sambrook et al., 1989) , and all constructs were veri®ed by DNA sequencing. For all constructs, that express glutathione-S-transferase (GST) fused to c-Rel dierent subregions, the expression vector pGEX2T (Pharmacia Biotec) was cut with EcoRI, blunted and dephosphorylated. Then the vector was ligated with dierent fragments obtained from the full length mouse c-Rel cDNA; a XhoI 1090 bp fragment, a ScaI-HpaI 498 bp fragment and a ScaI-EcoRI 590 bp fragment.
pRSETCD contains the c-Rel transactivation domain fused to a six histidines tag: it derived from expression vector pRSETC (Invitrogen) cut with BamHI, blunted and dephosphorylated. The vector was then ligated to the ScaI-EcoRI 590 bp fragment. pABGal4RelTD derived from pABGal4 (Baniahmad et al., 1992) which express Gal4 DNA binding domain, digested with BamHI and HindIII and ligated to the c-Rel transactivation domain.
All constructs containing the dierent mutant c-Rel transactivation domain, were generated by cloning polymerase chain reaction-produced fragments into expression vectors. Speci®c mutations were introduced by two step PCR protocol with a mutagenic primer and two¯anking primers. As a template we always used pRSETCD.
Cell culture and cell extracts
Monkey COS7 and human HeLa cell lines were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% newborn calf serum (Gibco-BRL), glutamin and antibiotics.
For 35 S-labelling, the cells were resuspended in methioninefree DMEM and incubated for 1 h. The medium was then changed to methionine DMEM supplemented with [ 35 S]methionine, following which the cells were incubated for 3 ± 4 h with occasional rocking. The cells were then washed twice with PBS and lysed for cell extract.
Cytoplasmatic cell extracts were performed essentially as previously described in Kaelin et al. (1991) . The cells were washed with PBS and resuspended in ice-cold RSB buer (10 mM HEPES pH 6.2, 10 mM NaCl, 1.5 mM MgCl 2 , 10 mM NaF, 200 mM sodium orthovanadate, 10 mg/ml aprotinin, leupeptin, pepstatin, benzamidine, 2 mM PMSF) at approximately 5610 7 cells per ml. The cell suspension was kept on ice for 13 min and after adding 0.05% Nonidet P40, was vortexed 20 s. The samples were then centrifugated 1 min at 14 000 g. The nuclear pellet was resuspended in EBC buer (50 mM Tris-HCl, 120 mM NaCl, 0.05% Nonidet P40). To the supernatant, containing cytoplasmatic protein, was added 50 mM Tris-HCl, 110 mM NaCl, 20 mM sodium pyruvate and 10 mM Na 3 VO 4 . The two fractions were rocked for 30 min at 48C and then cleared for debris by centrifugation at 14 000 g for 15 min at 48C.
Transient transfections
Approximately 2610 5 cells were plated per 60-mm dish 12 h before transfection. The medium was changed 1 h before transfection. Cells were transfected by calcium phosphate coprecipitation technique, and the medium was changed 8 h after transfection (Hansen et al., 1994) . The cells were harvested and assayed for luciferase and b-galactosidase expression 24 h later as previously described (Zappavigna et al., 1994) . The results reported were obtained from at least four independent experiments each performed in duplicate.
Expression and purification of GST and histidines-tagged fusion proteins
Glutathione S-transferase fusion protein expression and puri®cation were essentially as described by Smith and Johnson (1988) . Brie¯y, bacteria transformed with pGEX2T, or one of above-mentioned pGEX2T recombinants were grown in 500 ml of LB to an O.D. 600 0.8 ± 0.9, induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and harvested after 3 h. Bacterial pellets were resuspended in 25 ml of cold solution A (PBS containing 100 mM EDTA and 1% Triton X-100) and sonicated. Insoluble material was removed by centrifugation and the supernatant incubated with 500 ml of glutathione-Sepharose 4B resin (Pharmacia) for 60 min at 48C on a rotating wheel. Beads were then washed ®ve times with solution A and then loaded into a column. The column was washed ®ve times with solution B (PBS containing 100 mM EDTA). The recombinant proteins were eluted with 2 ml of 50 mM Tris-HCl pH 8.0 and 5 mM reduced glutathione. The eluted proteins were frozen at 7808C with 30% glycerol.
For the histidines-tagged fusion proteins, BL21Lys E. Coli was transformed with pRSETCD or one of its mutants. The fusion protein puri®cation was essential the same as that c-Rel serine/threonine kinase C Fognani et al described above for the GST recombinant protein with the exception of the buers that were used. Bacterial pellets were resuspended in sonication buer (50 mM Na-phosphate pH 8.0, 300 mM NaCl) and the supernatant was incubated with 4 ml Ni-NTA agarose (Quiagen). Beads were washed overnight with 100 ml of sonication buer containing 10 mM b-mercaptoethanol and 75 ml wash buer (50 mM Naphosphate pH 6.0, 300 mM NaCl, 10% glycerol). The fusion proteins were eluted with a 20 ml gradient of 0 ± 0.5 M imidazole in wash buer. Aliquots of fusion proteins were stored at 7808C.
Immunoprecipitation and GST-binding assay 150 mg of cell extract were incubated with 1.6 mg of anti-cRel, anti-Pbx1 and anti-Prep-1 antibodies (Santa Cruz Biotecnology), for 16 h at 48C on a rocking wheel. Antibody-antigen complexes were recovered using A-Sepharose beads and washed four times in NETN (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.05% Nonidet P40). 150 mg of 35 S-labelled or biotinylated cell extract were precleared 1 h by incubation with 20 ml glutathione-sepharose 4B resin loaded with 10 mg pGEX2T encoded glutathione Stransferase leader sequence. Aliquots of precleared lysates were then rocked with 20 ml of resin loaded with 10 mg of the dierent recombinant GST fusion proteins for 2 h at 48C. Beads were washed ®ve times with NETN. To directly visualize the GST pulled down proteins, beads were resuspended in Laemmli sample buer and analysed by SDS ± PAGE.
Kinase assay
GST pulled down proteins and immunoprecipitates prepared as described above, were washed several times with NETN buer and once with kinase buer (25 mM Tris-HCl pH 7.2, 5 mM MgCl 2 , 5 mM MnCl 2 , 1 mM EGTA, 0.05% Nonidet P40). Kinase assay were performed in 30 ml of kinase buer containing 10 mCi of [g
32
-P]ATP and 10 mg of substrate for 25 min at room temperature. Reactions were stopped by adding Laemmli sample buer and analysed directly by SDS ± PAGE and autoradiography.
To reduce the signal due to serine and threonine phosphorylation, gels were treated with 1 M KOH at 558C for 2 h after electrophoresis and before autoradiography (Resnati et al., 1996) .
In situ kinase assay
In situ kinase assay has been performed as described in Pellicioli et al. 1999 . Brie¯y, GST pulled down proteins and immunoprecipitates were separated by SDS ± PAGE onto a 10% polyacrylamide and electrotransferred onto PVDF (polyvinylidene¯uoride) membrane in 25 mM Tris, 192 mM glycine and 20% methanol. After transfer, the membrane was denatured in 7 M Guanidine HCl, 50 mM Tris-HCl pH 8.3, 50 mM DTT and 2 mM EDTA for 1 h at room temperature. Then the membrane was washed with TBS pH 7.4 and renatured, overnight at 48C, with 140 mM NaCl, 10 mM TrisHCl pH 7.5, 2 mM DTT, 2 mM EDTA and 0.04% Tween20. After 30 min incubation in 30 mM Tris-HCl, the membrane was equilibrated with kinase reaction mix (1 mM DTT, 0.1 mM EGTA, 20 mM MgCl 2 , 20 mM MnCl 2 , 40 mM HEPES/NaOH pH 8, 100 mM Na 3 VO 4 ). The kinase reaction was started, adding 10 mCi/ml [g
32
-P]ATP for 1 h at room temperature. The membrane was then washed several times in 30 mM Tris-HCl pH 7.5 and 0.1% Nonidet P40 for 30 min, in 1 M KOH for 10 min and in 10% Trichloroacetic acid for 10 min. The ®lter was stained with Coomassie Blue, air-dried and subjected to autoradiography.
